In this paper, the reduction of vibration of dual mass flywheel (DMF) torsional damper under multiple working conditions is studied. Firstly, a 6DOF non-linear transmission system model including engine, DMF, gear pair of gearbox and clutch friction model is established. Secondly, a comprehensive multicondition simulation strategy including ignition condition, idle condition, startup condition, drive condition, uniform speed condition and coast condition is designed to study the vibration reduction performance of DMF under different conditions. Then, the accuracy of the 6DOF non-linear transmission system model is verified. The simulation and test results showed that the accuracy of the model meets the engineering requirements. Finally, the effects of the performance parameters of the DMF on the torsional vibration of the transmission system under various operation conditions are studied. The results show that the performance of DMFs varies significantly under different conditions, and under drive condition the DMF has the best performance of vibration reduction. The free angle has less impact on the damping performance of the DMF, but other parameters have greater influence. The influence trend of the same parameter on the vibration reduction performance of DMF is different under different working conditions. Therefore, the parameter matching of the DMF cannot be based on one driving condition. It is necessary to comprehensively consider the vibration damping performance of the vehicle powertrain under multi-condition to match the parameters.
I. INTRODUCTION
Vehicle transmission system is a highly complex multi-degree of freedom (MDOF) non-linear system. Due to the unstable output torque of the engine, the driveline produces a series of vibration and noise problems that affect the NVH performance. In addition, torsional vibration can easily cause transient shock and high frequency vibration. Torsional vibration of transmission system will make system components bear large torsional loads and knock at transmission clearances such as splines and gears, thereby reduce the performance of the transmission components and the service life. Therefore, it is particularly important to study the precise modeling, performance simulation and damping methods of vehicle transmission system [1] - [6] .
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The research on torsional vibration of transmission system caused by the fluctuation of engine output torque is as follows: x Transient vibration of vehicle transmission system under ignition condition is studied in Refs. [7] - [9] . The MDOF non-linear transmission system model is established to analyze the transient vibration characteristics and the influence of torsional damper parameters on the transient vibration. At the same time, a simplified SDOF nonlinear model is established, the approximate analytical solution is obtained to predict the transient vibration of the ignition condition, and the research is verified by experiments. In Ref. [10] , the transient vibration of hybrid electric vehicle under ignition condition is studied, and the influence trend of the performance parameters of the transmission torsional damper on the transient vibration is studied. y The vibration problem of the transmission system under idle condition is the main reason for gear rattle. The Refs. [11] - [16] have carried out dynamic simulation and experimental research on the gear rattle problem of idle condition. The torsional vibration model of MDOF non-linear idle condition is established to study the influence of torsional damper and lubrication condition of gearbox on idle gear rattle. z For the vibration problem of the startup condition of the transmission system, the torsional vibration characteristics of transmission system under startup condition have been studied in Refs. [17] - [19] . A nonlinear DMOF dynamics model is established to study the effects of engine output torque, clutch parameters and transmission components on the startup vibration. { For the acceleration and coast conditions of the transmission system, the model of the vehicle transmission system has been established in Refs. [20] , [21] . The influence of clutch torsion damper and the structural parameters of Dual Mass Flywheel (DMF) on the torsional vibration of the transmission system under acceleration and coast conditions have been analyzed. In Refs. [22] , [23] , only the torsional vibration of transmission system under acceleration condition is studied.
According to the analysis of the existing Refs., the research on torsional vibration of transmission system with DMF torsional damper is mainly focused on a single working condition. Therefore, a comprehensive simulation method of multi-condition is proposed in this paper, and the performance of DMF under multi-condition is studied. The influence of the DMF parameters on the damping performance of the vehicle transmission under different driving conditions is studied. This paper is organized as follows: firstly, the model of 6DOF nonlinear dynamic system is established, and the model is verified by experiments. Secondly, a comprehensive simulation strategy including ignition condition, idle condition, startup condition, drive condition, uniform speed condition and coast condition is established. Finally, the main influencing factors of the vibration damping performance of the DMF under multiple working conditions are analyzed, which provides a reference for improving the vibration damping performance of the DMF.
II. PROBLEM FORMULATION
The nonlinear factors of the engine, the DMF torsional vibration damper, the clutch and the gear pair of gearbox are considered comprehensively in this chapter, and the 6DOF nonlinear model of the vehicle transmission system is established. The schematic diagram of the vehicle transmission system is shown in Fig. 1 . There are three working states of clutch in the simulation of comprehensive working conditions: the separated state, sliding friction state and full combined state. Since the transmission torsional damper is the main focus of this paper, the structure of the parts behind the output shaft of the gearbox is simplified. The simplified 6DOF vehicle transmission model is obtained as shown in Fig. 2 .
As is shown in Fig.2 , J 1 is the moment of inertia of the DMF first mass; J 2 is the moment of inertia of the DMF second mass; J 3 is moment of inertia of the clutch; J 4 is the total moment of inertia of the input shaft of the transmission and the driving gear; J 5 is the moment of inertia of the driven gear; J 6 is the sum of the equivalent moment of inertia of the transmission system after the transmission output shaft and the whole vehicle. It mainly includes the final drive, the half shaft, the tire and the equivalent moment of inertia of the whole vehicle; θ 1 , θ 2 , θ 3 , θ 4 , θ 5 and θ 6 are the angular displacements of the first mass of the DMF, the second mass of the DMF, the clutch, the drive gear of the transmission, the driven gear of the transmission and the equivalent moment of inertia of the vehicle, respectively. T e is the output torque of the engine; T DMF is the transmission torque of the DMF; T Clutch is the transmission torque of the clutch; k 3 , c 3 are the torsional stiffness and damping of transmission input shaft; F g is the meshing force of transmission gears; k 5 , c 5 are the torsional stiffness and damping of transmission output shaft; c drag is the resistance of the whole vehicle during driving. According to Newton's second law, the mathematical equation of the 6DOF dynamic model established in Fig. 2 is as follows:
In the 6DOF nonlinear powertrain model, there is a strong non-linear characteristic in the engine output torque T e , the DMF transmission torque T DMF ; the clutch transmission torque T Clutch and the transmission gear meshing force F g , their modified models will be analyzed in detail in the next section.
III. NONLINEAR ELEMENT MODELING OF TRANSMISSION SYSTEM A. QUASI-TRANSIENT ENGINE MODEL
The torsional vibration of transmission system is mainly caused by the fluctuation of engine output torque. Therefore, the torque fluctuation of the engine must be considered in modeling and analyzing the torsional vibration problem. The Quasi-Transient engine model is engine dynamic torque output based on the engine cylinder pressure curve as input calculation which can effectively reflect the dynamic characteristics of engine output torque. The engine output inertia torque and the combustion gas torque are obtained according to the kinematic relationship of the engine single cylinder crank-connecting rod mechanism. The multicylinder engine output torque is obtained by the crankshaft crank angle of the multi-cylinder engine, and the influence of friction on the engine output torque is considered. The quasitransient mode of the engine is shown in Fig. 3 [24]- [27] . 
1) SINGLE CYLINDER ENGINE TORQUE MODEL
The engine crank-link mechanism is a complex system consisting of pistons, connecting rods and crankshafts. The structural motion diagram is shown in Fig. 4 .
where, α is crank angle, p is the swing angle of the connecting rod, r is crank radius, L is connecting rod length, m p is the equivalent mass of piston, piston ring, piston pin, etc. F gas is the positive pressure generated by the pressure inside the cylinder on the top surface of the piston.
The relationship between crank angle and piston displacement can be obtained from the kinematic relationship in Fig. 4 :
where, λ = r/L• According to Ref. [24] , the radical part of the formula can be expanded by series approximation, and the first two items are taken as
Let the crankshaft angular velocity be ω, then:
According to formula (3) and formula (4), reciprocating inertial force can be obtained as follows:
where, F pi is the reciprocating inertial force generated by the i th cylinder. The gas force generated by combustion pressure in engine cylinder is as follows:
where, F gasi is the gas force generated by the i th cylinder. The formula for the torque generated by the engine's reciprocating inertial force and gas force on the crankshaft is calculated as follows:
T gi = F gasi r(sin α + λ sin 2α/2)
where, T pi is the torque of inertia generated by the i th cylinder, and T gi is the torque of gas generated by the i th cylinder.
The engine cylinder pressure test curve value is taken as an example, and the cylinder pressure curve is shown in Fig. 5 . According to the measured cylinder pressure curve and formula (6) and formula (7) , the inertia torque and gas torque produced by a single cylinder under idle condition are calculated as shown in Fig.7 . 
2) SINGLE CYLINDER ENGINE FRICTION MODEL
In this paper, the RH model [28] , [29] is used for engine friction model. Friction moment is divided into several system structures in this model, which are respectively:
(1)Piston ring viscous friction torque
where, µ is the lubricating oil dynamic viscosity, P r is the piston ring and cylinder wall pressure, ω 0 is the thickness of oil ring, d is the cylinder inner wall diameter, n 0 is the number of oil rings, and n c is the number of gas rings.
(2)Piston ring mixed friction
where, ω c is the thickness of the gas ring.
(3)Piston skirt friction torque
where, h 0 is the thickness of the lubricating oil film and L s is the length of the piston skirt. (4)Valve train friction
where, n v is the number of single cylinder valves, and F s is the valve spring force.
(5)Auxiliaries and unloaded bearing friction
(6)Loaded bearing friction T f 6 = c 6 πd 2 4 r jb P gas ω −0.5 (15) where, r jb is the average radius of the bearing and c i (i = 1, 2, 3, . . . 6) is the coefficient of friction torque of the engine. In summary, the total friction torque of the engine single cylinder is:
3) 4-CYLINDER GASOLINE ENGINE MODEL
According to the previous analysis, the output torque of each cylinder of the engine can be obtained by formula (7)- (15) . Based on the phase angle relationship of the 4-cylinder engine, the output torque of the engine is:
The engine parameters in this paper are shown in Table 1 . 10 groups of engine cylinder pressure curves at different rotational speeds were fitted by surface fitting, and finally the Quasi-Transient model of engine under full working conditions was obtained. The fitted cylinder pressure surface and quasi-transient engine model output torque are shown in Fig.7 and Fig.8 , respectively. 
B. DMF TORSIONAL VIBRATION DAMPER MODEL
DMF is a new type of torsional vibration absorber. A singlestage stiffness DMF is adopted, and its torsional characteristic model is established in this paper.
In the formula, in order to facilitate the analysis of the discontinuous function for numerical integration, the arctangent smooth fitting function is used for processing. β is the arctangent smoothing fit coefficient, take 100. The torsional characteristic curve of the DMF is shown in Fig.10 . As shown in Fig. 9 that the model is basically consistent with the test curve, and the accuracy of the model meets the simulation requirements. 
C. CLUTCH FRICTION MODEL
There are three kinds of clutch states in the whole simulation process: the separated state, sliding state and full combined state [17] . The clutch in the separated state does not transmit the torque, but the stick-slip state will appear at the critical point of the two states during the sliding friction state and the full combined state [30] . In the sliding state, the speed difference between the drive and driven discs of the clutch is δv =θ 2 −θ 3 = 0. The calculation formula of clutch slip torque T f is:
where, F is the friction disc pressing force; µ 0 is the sliding friction coefficient of clutch friction disc. The actual friction coefficient is affected by the relative slip velocity gradient of the clutch friction disc. In order to simplify the model, it is set as a fixed value in this paper. R m is the equivalent friction radius, Z is the number of friction surfaces, sign is a symbol function used to determine the direction of the friction torque.
Calculation formula for the radius of equivalent friction disc is
where, R 0 is the outer diameter of the friction disc and R i is the inner diameter of the friction disc. The pressing force increases gradually from zero to constant during clutch engagement, and the pressing force is calculated as:
where, F 0 is the maximum pressing force;t e is the time required for the clutch engagement process. t e is calculated as: t e = F 0 /κ/v e , where κ is the axial stiffness of the clutch and v e , is the axial compression speed of the clutch engagement process. When the clutch is in full combined state, the speed difference between the main and driven discs of the clutch is δv =0, and the friction torque between them is static friction torque T c . The calculation formula is as follows:
where, T lock is the torque transmitted after the clutch is full combined; T st is the maximum static friction torque, and its value determines the maximum torque that the clutch can transmit, and the formula is
The calculation of the torque T lock value can be obtained according to the force analysis of the driving disk or the driven disk after the clutch is fully combined. The relevant calculation formula is:
In ideal condition, T lock (θ 2 ) = T lock (θ 3 ), that is, the torque T lock transmitted by the clutch after full combined can be calculated by either of them. However, due to the existence of numerical errors, the above results are not equal. In order to improve the calculation accuracy, the average values of the two are taken in this paper.
It should also be noted that due to the calculation error of the numerical simulation, the speed difference between the main and driven discs of the clutch is difficult to maintain at zero even in the fully combined state, but fluctuates at zero speed, which leads to constant fluctuation switching of the friction state and worse simulation stability. In order to overcome this problem, Karnopp friction model is introduced by Ref. [30] . A zero speed interval D is defined, i.e. as long as |δv| ≤ D, the clutch is considered to be in a fully combined state, and D is a very small velocity value near zero. Finally, the calculation model of friction torque is obtained as follows:
where, p is the state variable, p =0 is a clutch disconnection, p =1 is a clutch engagement operation.
D. GEAR PAIR MODELING
The transmission is simplified as a pair of constant meshing gears in this paper. The simplified dynamic model is shown in Fig.10 . According to Fig.10 , the gear pair may not be in contact due to the existence of the gear meshing clearance b. According to the relative displacement between pairs of gears, there are many mathematical models of meshing force F g between pairs of gears. In addition to the clearance between gears being considered, the influence of time-varying meshing stiffness of gearbox gears and the damping effect of gear meshing extrusion lubricant on gear rattle is also considered in the meshing model of gears in Refs. [14] , [31] . Since the focus of this paper is not the gear meshing vibration, the mathematical model of gear pair meshing force of transmission [32] is as follows:
where, δ g is the relative angular displacement; k g is the gear meshing stiffness; b is the single-side gear meshing clearance. When the |δ g | > b gear is in the engaged state; otherwise, when the |δ g | ≤ b gear has a clearance, it is in the nonengaged state. [20]- [23] focus on drive/coast conditions. In practice, the parameters of DMF have different effects under different working conditions. If the analysis is only conducted for a single working condition, the analysis results may be contradictory or not applicable under other conditions. Therefore, this paper puts forward combination of common working conditions (ignition, idle, start, drive, uniform speed and coast) to construct a multi-condition comprehensive simulation working condition. All the above typical working conditions are simulated in a comprehensive working condition simulation of the vehicle model. Finally, the simulation results are evaluated, so that the simulation analysis of DMF can be more comprehensive and reflect the actual situation. During driving, the driver realizes different driving states by operating ignition switch, acceleration pedal and clutch pedal, such as ignition, start, acceleration, deceleration, etc. In this paper, the simulation of the above conditions is realized by adjusting the pedal opening, starting the motor output torque and changing the clutch engagement switch p.
IV. COMPREHENSIVE WORKING CONDITION DESIGN

A. ANALYSIS OF SIMULATION CONDITIONS FOR EACH SUB-CONDITION 1) CONDITION I: IGNITION CONDITION
Working condition I is the engine ignition condition, which is a transient condition. During the engine ignition process, the instantaneous ignition frequency will pass through a certain natural frequency of the powertrain, which will easily cause large vibration, resulting in greater vibration noise inside the cab. Therefore, it is necessary to study the damping performance of the DMF under ignition conditions. The control strategy of engine ignition condition is shown in Fig. 12 . Start the motor first to work, and its output torque is 30Nm, the duration is 0.2s, as shown in Fig.12(a) . The instantaneous opening of the engine pedal increases to 0.9, and the engine starts. The time-varying curve of the engine throttle opening during ignition is shown in Fig.12 (b) , and the clutch engagement switch p = 0 is used throughout the ignition process. Through the above logic control strategy, the ignition process of the engine is simulated and analyzed. The simulation results are shown in Fig.13 . 
2) CONDITION II: IDLE CONDITION
Condition II is the idle condition, which is steady state condition, pedal opening keeps constant value 0.25, starting motor output torque is zero, clutch engagement switch to p = 0. The engine speed is stable at about 750 r/min in idle condition. The simulation results of condition II are shown in Fig. 14. From Fig. 14, it can be seen that the speed of DMF is stable, while the speed of clutch output shaft is zero. It should be noted that under ignition and idle conditions, the vehicle is in a static state, and the transmission system does not transmit the engine torque to the driving wheel. This paper is achieved by setting the clutch engagement switch p to zero (that is, the clutch is disconnected). In fact, the vehicle clutch is in the engagement state, and the power output of the transmission system is cut off by putting the manual transmission into neutral gear. The purpose of this method in the paper is to simplify the difficulty of simulation and reduce the complexity of simulation for the transition process of fixed and driving conditions (i.e. starting conditions). Therefore, under the fixed working conditions (ignition condition and idle condition), the power output interruption is realized by the clutch disconnection, because the transmission shifting is not considered, the transmission model complexity is reduced.
3) CONDITION III: STARTUP CONDITION
Condition III is the startup condition, and the startup condition is an unsteady working condition. The startup process clutch engagement switch p is set to 1 at t = 3s, the clutch begins to engage slowly, and the engine output torque is transmitted through the clutch to the drive wheel to drive the vehicle forward. The simulation results under startup conditions are shown in Fig. 15 . As the clutch is slowly engaging, the difference between the speed of the clutch output shaft and the second mass of the DMF becomes smaller and smaller. When t = 5 s, the difference in rotational speed is zero, and the clutch is fully engaged. 
4) CONDITION IV: DRIVE CONDITION
Condition IV is the drive condition, which is also an unsteady condition. When the clutch fully engaged, the startup condition ends and the drive condition enters, the throttle opening increases rapidly to the maximum (pedal = 1), the starting motor output torque is always zero, and the clutch engagement switch is always maintained at p = 1. Then the drive condition simulation is carried out. The simulation results of working conditions IV, V and VI are plotted in a picture, as shown in Fig.16 .
5) CONDITION V: UNIFORM SPEED CONDITION
The working condition V is a uniform working condition. As the vehicle speed increases under the drive condition, the resistance is gradually increased. When the output torque and the resistance torque are balanced, the vehicle enters a uniform driving state, and the simulation result is shown in Fig. 16 .
6) CONDITION VI: COAST CONDITION
Working condition VI is the coast condition, and the pedal opening is reduced. At this time, the resistance torque is greater than the engine output torque, and the vehicle enters the coast condition. The simulation result is shown in Fig. 16 .
Through the simulation and debugging of each subcondition, the simulation time of each sub-working condition is reasonably set, and the control strategy of multi-working condition integrated simulation process is determined.
B. COMPREHENSIVE WORKING CONDITION SIMULATION
Through the simulation of each sub-working condition, the simulation control variables such as simulation time, pedal opening (i.e. the value of the pedal), starting motor output torque, and the value of the clutch engagement switch p are determined. The final integrated working condition simulation logic is determined by debugging several times, as shown in Fig.17 . The working condition includes the actual working condition of the vehicle during the driving process. The whole simulation process is as follows: first, the ignition condition of the engine and the idle condition after 1s.
It should be noted that the clutch in the ignition condition and idle condition is disconnected. From the 3th s, the clutch started to engage into the startup condition phase. When the 5th s, the clutch is fully engaged, and then enters the whole vehicle driving condition, which is the drive condition, the uniform speed condition and the coast condition. The whole simulation time is 20s. The simulation results are shown in Fig. 18 .
The control variables such as pedal opening, starting motor output torque and clutch switch are adjusted to realize the comprehensive simulation of multi-working conditions of vehicles, as shown in Fig.18 . The simulation sequence of the whole working condition is: I-ignition condition→II-idle condition→III-startup condition→IV-drive condition→ V-uniform speed condition→VI-coast condition. The timedomain curve of speed fluctuation of DMF first mass, DMF second mass and clutch output shaft is shown in Fig18. Because the clutch is separated during the simulation of I ignition and II idle conditions, the output shaft speed of the clutch is 0. The clutch starts to engage in the startup condition III, and the output speed of the clutch increases gradually. When the difference between the output speed of the clutch and the second mass speed of the DMF is 0, the clutch is fully engaged. The III startup condition, the IV drive condition, the V uniform speed condition and VI coast condition clutch are always fully engaged, the speed of clutch is equal to the second mass speed of DMF.
V. MODEL TEST VERIFICATION
In order to verify the accuracy of the simulation model in this paper, a vehicle test is carried out. The test equipment includes an LMS data acquisition and Hall speed sensors. The test vehicle uses a front-drive car to collect the speed signals of the first mass and the second mass of the DMF under various working conditions. The sensor arrangement is shown in Fig.19-20 . The angle speed of the first mass θ 1 and the angle speed of second mass θ 2 of the DMF can be obtained by the test, and the clutch output shaft rotation speed is not collected due to the test condition limitation. The test results are shown in Fig. 21 .
As shown in Fig. 21 , the experimental results of DMF speed under comprehensive conditions are in good agreement with the simulation results of the model in this paper (Fig. 18 ). It shows that the simulation results of this model can reflect the requirements of DMF test under different conditions, but there are also some differences: (1)It took a long time for the speed to decrease to idle speed from ignition during the test of ignition condition. This is determined by the actual vehicle engine ignition control strategy. However, in this model, the engine speed decreases faster and the ignition process time is shorter under the ignition condition. (2)The test of startup time is very short, while the startup settings are relatively flat in the simulation, in order to make the simulation easy to converge. Furthermore, the simulation and test results are analyzed, and the relative angle speed ( θ 12 =θ 1 −θ 2 ) of the first mass and the second mass of the DMF is calculated. Then the time-frequency diagram of θ 12 is calculated by using the wavelet time-frequency decomposition method. The results are shown in Fig. 22-23 .
From the time-frequency diagram of the relative speed θ 12 of the DMF (Fig. 22-23) , the fluctuation of the relative speed of the DMF in the test and simulation is mainly caused by the second-order speed fluctuation of the engine, and the torsional vibration of the I ignition condition and the III startup condition is severer. The comparison between the test results and the simulation results showed that the results are consistent. Therefore, the model can be used to simulate the performance of the DMF.
In order to comprehensively evaluate the damping performance of the DMF, it is necessary to determine the evaluation index. According to the Refs [7]- [9] and the actual engineering experience, the speed attenuation rate η is used to characterize the vibration damping performance of the DMF. The calculation formula is as follows:
where,θ i_pp represents the peak-to-peak value of the DMF speed fluctuation, i takes 1 and 2. The larger the evaluation index is, the better the performance of the vibration damping the DMF has. According to the Ref. [7] , the damping performance of the DMF under ignition condition I is evaluated by the peak value of the speed attenuation rate η, and the other conditions are evaluated by the average value of the speed attenuation rate η during these periods.
As is shown in Table 2 , except for the III startup condition, the absolute error between the test results and the simulation results under other conditions are less than 11%, which illustrated that the model in this paper is more accurate. The error of the startup condition of III is large, which is −29.1%. This is because the torsional vibration of the DMF under the startup condition is not only affected by its own performance, but also related to the clutch engagement speed and clutch performance during the startup condition. The startup condition of the test process is determined by human factors such as the driver, which results in a large error between the test result and the simulation result.
VI. SENSITIVITY ANALYSIS OF DMF PARAMETERS
In this section, the 6DOF nonlinear model is used to study the influence of the DMF on the vibration of the powertrain under multiple operating conditions. The performance parameters of the DMF studied mainly include: DMF free angle θ 0 , friction damping M 0 , torsional stiffness k and second mass moment of inertia J 2 . The base values of the parameters and their ranges of variation are shown in Table 3 . The single-factor analysis method is used to simulate and analyze the above performance parameters, and the damping performance of the DMF with each sub-condition is calculated.
A. ANALYSIS OF INFLUENCE OF ON VIBRATION DAMPING PERFORMANCE OF DMF
Firstly, the influence of free angle θ 0 on the damping performance of DMF is studied. The value of θ 0 has increased from 0 • to 10 • by 1 • each step as the other parameters remain unchanged. The results are shown in Fig. 24 . Fig.24 (b) is the average fluctuation of the damping performance index η of the DMF varying with θ 0 under each sub-condition. The bar column in Fig. 24(b) is the fluctuation range of the performance index of the DMF with the change of θ 0 under each sub-condition. The calculation formula is:
The value of η reflected the sensitivity of the performance parameters of the DMF to its damping performance. The larger the value of η, the more sensitive the parameter is to the performance of damping. It can be seen from Fig. 24(a) that the value of free angle θ 0 has little influence on the vibration reduction performance of the DMF. In the whole value range of θ 0 , the vibration damping performance index η of the DMF is relatively stable. Under the I-ignition condition, the vibration reduction performance index of the DMF increase first and then decrease with the increase of θ 0 . The vibration reduction performance of DMF is different under different working conditions. It can be seen from Fig. 24(a) that the DMF has the best vibration damping performance under IV-drive conditions, where η index can reach 75%. The vibration reduction performance under ignition condition is the worst, where index η is only about 45%.
From Fig. 24 (b) , it can be seen that the variation of parameter θ 0 has the greatest influence on the vibration reduction performance of DMF under I-ignition condition, but little effect on the vibration reduction performance under II-idle condition and III-startup condition. The fluctuation range of damping performance of DMF with parameter θ 0 is only 2.69% under I-ignition condition, and the damping performance of the DMF is less sensitive to the parameter θ 0 .
B. ANALYSIS OF INFLUENCE OF M 0 ON VIBRATION DAMPING PERFORMANCE OF DMF
The influence of friction damping M 0 on the damping performance of DMF is studied. The value of M 0 has increased from 0Nm to 12Nm by 1Nm each step as the other parameters remain unchanged. The results are given in Fig.25 . It can be seen from Fig. 25(a) that the value of the base friction torque M 0 has a great influence on the vibration reduction performance of the DMF. In the whole range of value M 0 , the vibration reduction performance index of the DMF increase with the increase of M 0 under the I-ignition condition, which other conditions are showing a decreasing trend. There are still differences in vibration reduction performance of DMF under different working conditions. It can be seen from Fig. 25(b) that the change of the parameter M 0 has the greatest influence on the vibration damping performance of the DMF under the II-idle condition and the III-startup condition, and little effect on the vibration damping performance under the I-ignition condition. The influence on IV-drive condition, VI-uniform speed mode and VI-coast condition is moderate, and there is little difference among them.
C. ANALYSIS OF THE INFLUENCE OF k ON VIBRATION DAMPING PERFORMANCE OF DMF
The influence of torsional stiffness k on the damping performance of DMF is studied. The value of k has increased from 1.6Nm/ • to 4.8 Nm/ • by 0.2 Nm/ • each step as the other parameters remain unchanged. The results are given in Fig.26 . Fig. 26 (a) is the variation curve of vibration reduction performance index η of DMF with the change of torsional stiffness k under each sub-working condition. The red line in Fig. 26(b) is the average fluctuation of the damping performance index η of the DMF varying with k under each subcondition. The bar column in Fig. 26(b) is the fluctuation range η of the performance index of the DMF with the change of k under each sub-condition.
It can be seen from Fig. 26(a) that the value of the torsional stiffness k has a great influence on the vibration damping performance of the DMF. In the whole range of k, the damping performance index of DMF increases first with the increase of k under II-idle condition and III-startup condition, and the value of η at k =3.2 is the largest. Other sub-conditions (I-ignition condition, IV-drive condition, V-uniform speed condition and VI-coast condition) showed a decreasing trend, which is linear.
From Fig. 26 (b) , it can be seen that the influence of parameter k on the vibration reduction performance of DMF under each sub-working condition is ranked from large to small as follows: VI-coast condition ( η = 41.3%), V-uniform speed condition ( η = 36.7%), I-ignition condition ( η = 28.7%), IV-drive condition ( η = 27.6%), II-idle condition ( η = 13.9%) and III-startup condition ( η = 13.3%).
D. ANALYSIS OF INFLUENCE OF J 2 ON VIBRATION DAMPING PERFORMANCE OF DMF
The influence of moment of inertia J 2 on the damping performance of DMF is studied. The value of J 2 was increased from 0.1 kg·m 2 to 1.0 kg·m2 by 0.1 kg·m 2 each step as the other parameters remain unchanged. The results are given in Fig.27 . Fig. 27 (a) is the variation curve of damping performance index η of DMF with the change of moment of inertia J 2 VOLUME 8, 2020 under each sub-condition. The red line in Fig.27 (b) is the average fluctuation of the damping performance index η of the DMF varying with J 2 under each sub-condition. The bar column in Fig. 27(b) is the fluctuation range of the performance index of the DMF with the change of J 2 under each sub-condition.
It can be seen from Fig. 27(a) that the value of the moment of inertia J 2 has a great influence on the vibration damping performance of the DMF. In the whole range of J 2 , the damping performance index of the DMF increases first and then decreases with the increase of J 2 , and the value of η is the largest at J 2 =0.5 kg·m 2 . The vibration reduction performance index of DMF increase with the increase of J 2 under II-idle condition, III-startup condition, IV-drive condition, V-uniform speed condition and VI-coast condition, and the increase trend of vibration reduction performance becomes flat with the increase of J 2 .
It can be seen from Fig. 27(b) that the order of the influence of the parameter J 2 on the damping performance of the DMF under the sub-conditions is as follows: III-startup condition ( η = 84.2%), II-idle condition ( η = 83.7%), I-ignition condition ( η = 81.6%), VI-coast condition ( η = 48.2%), V-uniform speed condition ( η = 44.3%) and IV-drive condition ( η = 34.5%).
From the analysis of vibration reduction performance of DMF under different working conditions, it can be seen that the vibration reduction performance of DMF under IV-drive condition, V-uniform speed condition and VI-coast condition is better than that under I-ignition condition, II-idle speed condition and III-startup condition, and the vibration reduction performance of DMF under IV-drive condition is the best. The difference in vibration damping performance of the DMF under different working conditions indicates that it is impossible to achieve optimal in all conditions under the parameter design, and it requires to be considered comprehensively. The analysis of the vibration reduction performance of the DMF shows that the friction damping M 0 , torsional stiffness k and moment of inertia J 2 have a great influence on the performance of the DMF, while the free angle θ 0 has a certain influence under the I-ignition condition, but there is little influence on the vibration reduction performance under other conditions. Moreover, the influence trend of the above parameters under different working conditions is not the same, so comprehensive consideration is needed when the transmission parameters are matched.
VII. CONCLUSION
1) A 6DOF nonlinear transmission system model is established, in which the engine dynamic torque fluctuation, twist torsional nonlinearity of DMF, meshing clearance between gears and clutch engagement model are considered in the model. The model is verified by real vehicle test. The simulation and test comparison results show that the model is accurate and meets the engineering application requirements.
2) By combining the common working conditions of the vehicle (ignition condition, idle condition, startup condition, drive condition, uniform speed condition and coast condition), a multi-case comprehensive simulation strategy is constructed. The vehicle model is in a comprehensive working condition simulation, all the above typical sub-conditions are included to realize the comprehensive simulation of the vibration damping performance of the DMF under different working conditions.
3) The angular velocity attenuation rate η of the DMF is determined as the evaluation index of the vibration reduction performance of the DMF. On this basis, the influence of the performance parameters of the DMF (torsional stiffness k, free angle θ 0 , friction damping M 0 and moment of inertia J 2 ) on the vibration reduction performance is studied. The results show that there are significant differences in the vibration reduction performance of the DMF under different working conditions; the free angle θ 0 has only certain influence on the vibration reduction of the DMF under I ignition condition, but no effect under other working conditions. It is impossible for the same set of performance parameters to achieve the optimal performance under all working conditions. Therefore, the vibration reduction performance of each working condition must be balanced in the design of DMF.
